Abstract Thermophilic (55°C) anaerobic digestion of wastewaters from wet carbonization of Minnesota peat was conducted in a simple, upflow digester at an HRT of one day to provide a methane yield of 0.20 SCM/kg VS added and a BOD 5 reduction of 85%. Carbonization of Maine peat conducted for a much longer duration of thermal treatment produced recalcitrant and potentially toxic end products that reduced the biodegradability of wastewaters. Methane fermentation of the Maine-peat wet-carbonization waste was inhibited at an HRT of one day in the single-stage digester. However, two-phase digestion with separate acid-phase fermentation to promote hydrolytic degradation of toxic end products followed by separate methane fermentation at an HRT of 2 days exhibited a methane yield of 0.21 SCM/kg VS added and a BOD 5 reduction of 76%. Volatile fatty acids profiles along the depths digesting cultures indicated that single-stage and two-phase digestion could be accomplished at one-half the reactor residence times (one day for singlestage and three days for two-phase) used in this research.
Introduction
There has been a renewed interest in the 1990s in producing synthetic fuels (synfuels) from such renewable energy sources as biomass and wastes, and from the fossil reserves of coal, lignite, peat, and oil shale. Examples of synfuels include ethanol, methanol, biodiesel, diesel oil, methane and hydrogen gas, methyl ethyl ketone, acetone-butanol-ethanol mixtures, and other fuels that may be obtained by biochemical and/or thermochemical conversion of biomass or fossil-carbon sources. Production of synfuels is, of course, associated with the production of "product waters" (wastewaters) with significantly high BOD and COD concentrations. These wastes emanate from various stages of bio-or thermoprocessing, and must be treated to remove man-made contaminants before they can be reused inhouse and/or discharged into municipal sewers or any receiving body of water.
This paper deals with water-quality problems associated with the utilization of peat, which is a significant energy resource in the United States with its huge peat bogs in Alaska, Maine, Michigan, Minnesota, and Wisconsin. It has been shown that peat may be anaerobically fermented to methane, a clean fuel, at mild temperatures (35°-60°C) and ambient pressure (Ghosh and Klass, 1978; Ghosh and Klass, 1979; Ghosh, 1981a Ghosh, , 1981b . However, the disadvantage of anaerobic fermentation is inhibition by antibiotics, and the need for long fermenter residence times of more than 10 days requiring and large fermentation tanks.
Thermochemical processing is an alternative way to utilize peat as a fuel. However, one of the impediments to thermochemical processing of peat is its high moisture content of 85% to 90% by wt. It has been shown that feeds for thermochemical energy conversion should have a moisture content of less than 50% if a positive net energy production efficiency is to be realized (Klass and Ghosh, 1973) . As may be expected, the cost of dewatering peat to obtain a material with a moisture content of less than 50% is an important determinant of the economic and commercial feasibility of utilizing peat as a fuel source in the United States. Since solar drying, practiced in European countries, is not practical in the climate of Northern United States where peat bogs are located, thermal and mechanical dewatering of peat are needed to prepare a low-moisture peat product suitable for boiler firing or thermochemical conversion to liquid or gaseous fuels for residential and industrial use.
Of the various methods feasible for dewatering peat, the technical feasibility of wet carbonization by thermal treatment at high temperatures between 150°-315°C (300°-600°F) and pressures between 2165-5970 kilopascals (300-8950 psia) -known as the IWB (IGTWheelabrator-Frye) process -followed by mechanical dewatering was investigated at the Institute of Gas Technology (IGT) under contract with the U.S. Department of Energy (IGT, 1986) . Unlike bioconversion processes, wet-carbonization of peat is carried out at short residence times. In the IGT pilot study, carbonization of peat slurries was conducted at residence times of less than 10 minutes, 20 minutes, and 40 minutes. The IWB Process produced wet-carbonized and dewatered, fuel-grade peat with moisture contents of 35%-40 wt% and a heating value higher than that of raw peat by up to 35%. Fuel-grade peat thus produced is readily pelletized to a transportable solid fuel that may be used for steam and/or electric power generation, or for the production of conventional liquid or gaseous fuel.
Management of wet-carbonization wastewaters
Wet-carbonization (thermal treatment) of peat produced product-water streams with high BOD 5 and COD concentrations. The wastewater contained a multitude of organic compounds that were generated as peat was subjected to high temperature-pressure conditions. It was necessary to develop a wastewater treatment system to produce an effluent of acceptable standards for recycling to prepare peat slurry for the wet-carbonization process or for final disposal. A bench-scale continuous-flow treatment system was installed and operated for more than one year to provide single-stage or tow-phase anaerobic biotreatment of three samples of wet-carbonization product waters followed by aerobic biooxidation of the anaerobic-process effluent; this comprehensive experimental waste-treatment system provided the desired BOD 5 reduction efficiency of 95%.
Anaerobic digestion of peat wet-carbonization product waters
Economic feasibility analysis of the wet-carbonization process suggested that a rapid-rate anaerobic treatment process was needed to extract wastewater carbon as methane with a simultaneous BOD 5 reduction efficiency of at least 70%. It was evidence that a simple, single-stage anaerobic reactor operated at the lowest possible HRT would be desirable. Bench-scale anaerobic fermentation of the wet-carbonization wastewaters at HRTs of 7 to 0.8 days showed that the desirable BOD 5 -reduction efficiency could be obtained at an HRT of about one day. However, wastes with potential toxic products required separation of the sensitive methane-fermentation step to achieve the required BOD 5 reduction. The twophase fermentation system involving hydrolytic degradation of toxic and non-toxic contaminants in raw wastes followed by methane fermentation in a separate fermenter was capable of effecting the required stabilization efficiency.
The objective of this paper is to present the results of studies on rapid-rate, single-stage and two-phase anaerobic digestion of peat wet-carbonization wastewaters for methane production for captive use in the thermal treatment of raw peat with a simultaneous BOD 5 stabilization of 76% to 86%.
Materials and methods

Wet-carbonization wastes (digester feeds)
Finely ground raw peat samples from Minnesota and Maine were slurried to a total solid (TS) concentration of 6-14 wt%. The peat slurry was preheated indirectly by heat exchange with hot wet-carbonized peat slurry and then directly with superheated steam to bring the slurry to the desired temperature. After a specified residence time in the pilot study, the treated slurry was flash-cooled in stages to reduce pressure and to generate steam for preheating. Minnesota peat was wet carbonized at 200°-220°C (390°-430°F) and 2690-2827 kilopascals (390-410 psia) pressure for 8 or 20 minutes, whereas Maine peat was carbonized at 210°C (410°F) and a pressure of 2855 kilopascals (414 psia) for 40 minutes. The wet-carbonized peat slurry was dewatered by mechanical pressing to produce a solid product with moisture contents of 35-50 wt%. The separated "product water" (wastewater) was used for the anaerobic digestion tests.
Digestion systems
Anaerobic treatment of the wet-carbonization wastewater was conducted in a simple upflow, single-stage digester. Provision was made for mechanically mixing the digester contents during an initial period of stabilizing the culture with the new carbon and energy sources in the carbonization wastewaters (feed). The single-stage upflow digester had a culture volume of six litres. Feed from a refrigerated reservoir was delivered intermittently at short intervals to a bottom port of the digester by a timer-operated pump. Reactor temperature was maintained at a thermophilic temperature of 55°C by electrical heating tapes wrapped around the digester; heating intensity and duration were controlled by an automatic temperature controller. A thermophilic temperature of 55°C was selected because wetcarbonization effluent had a temperature higher than 55°C.
Two-phase anaerobic treatment was applied to wet-carbonization wastewaters (WCWW) that retarded methane fermentation in the single-stage process. A two-phase mode of fermentation was adopted because it has been suggested that this process is more stable and efficient than single-stage digestion in which methanogens may be directly exposed to inhibitory substances (Pohland and Ghosh, 1971; Ghosh and Pohland, 1974; Ghosh et al., 1987; Ghosh, 1987) . A two-phase process, on the other hand, provides the opportunity of degrading raw-waste toxicants by fermentative acidogens and protecting the methanogens in a separate fermenter. This research showed that whereas some wet-carbonization wastes could be methanated in a single-stage digester, other samples containing suspected and unidentified toxicants were better treated in a two-phase system.
The two-phase system consisted of an upflow 6 litre culture volume acid fermenter operated in tandem with a 15 l culture-volume, upflow, hybrid methane fermenter the upper section of which was packed with Raschig rings to maintain a population of immobilized methanogens. The packed section served to retain microbial clumps (granules) with embedded acetogens and methanogens and to enhance solids residence time.
Culture development: single-stage digestion A thermophilic inocuolum culture of anaerobes capable of utilizing wet-carbonization product water as carbon and energy sources was developed in a separate digester starting with a municipal sludge digester draw off. The 3 l culture was fed intermittently first with raw municipal sludge feed and then with mixtures of sludge and wet-carbonization wastewater: the proportion of the wet-carbonization waste in the digester feed was increased in steps with concomitant decreases in the quantities of municipal raw sludge, with the objective of selecting and acclimating anaerobes to the new substrate.
Culture development: two-phase digestion
The acid-phase digester of the two-phase system was started in a fed-batch mode by daily addition of effluents from the 3 1 culture-volume inoculum digester. In addition to the inoculum, untreated wet-carbonization wastewater was also added daily to promote microbial growth on this carbon source. The acid-phase digester was mixed during the culturedevelopment phase. After the selected culture volume of six litres was attained, feed was delivered continually by a timer-controlled peristaltic pump at increasing reactor dilution rate (decreasing HRT) until a low HRT of about one day was reached; under this condition, acid-phase effluent volatile acids (VFA) increased to a high level with a concomitant drop in culture pH and methane content of the digester gas. Mechanical mixing of the acid-phase culture was discontinued, and an upflow mode of operation was started.
Development of an acetogenic-methanogenic culture was started by feeding aciddigester effluents directly to a separate upflow methane digester. Initially, an HRT of about 9 days was used to establish the methanogens; the HRT was then reduced in steps down to about 2 days. Development of a methanogenic culture was evidenced by increased gas production and a methane content of 60 mol%.
Methane-production potential tests
Long-term (30-60 days) batch digestion tests were carried out with several peat wet-carbonization samples to determine their ultimate methane yield potentials. These tests were conducted by a modified version of the procedure reported by Owens et al. (1979) . These bioassays were set up in triplicates in 282-ml serum bottles (250 ml culture volume) that were filled with thermophilic inocula and 180-220 mg of feed volatile solids (VS) to generate measurable amounts (10-100 ml) of methane gas during the incubation period. Gasproduction and gas-composition data were collected at regular intervals during the incubation period until gas production stopped completely. An inoculum control and an AVICELL cellulose (a known carbon source) control were incubated concurrently with the test serum bottles. Gas production from the inoculum control was subtracted from the test bottle to determine gas production from the wet-carbonization waste. Contents of serum bottles were analyzed for pH, VFA, TS, and VS at the beginning and end of the test. TS and VS balances were conducted with these data to check the recovery of feed-VS mass in gas and effluent VS. Typically, effluent mass recovery of 95-98% was achieved.
Analytical
Digester feed and effluent samples were analyzed for TS, VS, pH, COD, BOD 5 , TOC, total and ammonia-nitrogen (as N) by test procedures outlined in APHA Standard Methods (APHA, 1981) . Organic components, VFA, and digester gas analyses were conducted by GC and GC-MS techniques described in detail in U.S. DOE and EPA documents (IGT, 1986; Ghosh et al., 1987) .
Results and discussion
Feed characteristics
Chemical characteristics of wastewaters from wet-carbonization of peat were influenced by the source of peat, peat particle size, processing temperature and pressure, and carbonization-reactor residence time. Chemical properties of wastewaters from wet-carbonization from Minnesota and Maine peat are presented in Table 1 . The wastewaters were acidic in nature with a total alkalinity of less than 1000 mg/l as CaCO 3 ; in general, more than 90% of the wastewater TS was soluble. Total carbon and COD concentrations of the wastes were above 5000 mg/l and 10,000 mg/l, respectively. The wastewaters were not deficient in nitrogen and phosphorus for anaerobic microbial metabolism.
Chemical properties and biodegradabilities of product waters from wet-carbonization of Minnesota and Maine peats were quite different, as expected, because the conditions of thermal processing of these two batches of peat were also different. Treatment temperatures and pressures for both peats were about the same, but the treatment durations were quite different.
The effect of a higher treatment time -40 minutes for Maine peat compared with 20 or 7.8 minutes for the Minnesota peat -was significant. Minnesota-peat wet-carbonization wastewaters (WCWW) had higher carbon and VS concentrations than those of the Maine-peat WCWW (Table 1) . Maine peat WCWW generated VFAs, phenol, methanol, ethanol, and furfural in higher concentrations than the Minnesota-peat WCWW. The BOD u -to-COD ratio for the Maine-peat WCWW was much lower than that of the Minnesota peat indicating that the former waste was less biodegradable than the latter. This observation was consistent with the lower bioassay methane yield for Maine-peat WCWW. The presence of higher concentrations S. Ghosh et al. 39 of phenol, furfural and other unidentified products of thermolysis of peat could be responsible, in part, for the lower biodegradability and digestibility of the Maine-peat WCWW.
Single-stage anaerobic digestion of wet-carbonization wastes
Single-stage, rapid-rate anaerobic digestion tests were conducted with wastewaters collected directly from the IGT pilot plant that wet-carbonized Minnesota and Maine peats. Minnesota peat was carbonized at two thermoreactor residence times of 20 minutes (Sample 1) and 7.8 minutes ( Table 2 ). Sample 1 was tested because the peat slurry was prepared by utilizing untreated wastewaters. The biodegradabilities of the two Minnesota-peat WCWW samples were about the same as indicated by their BOD u /COD ratios (Tables 1 and 2 ). Steady-state performance data from thermophilic (55°C), single-stage digestion of Minnesota-and Maine-peat WCWW are presented in Table 2 . The methane yields from simple, upflow diges- tion of the two Minnesota-peat WCWW samples were about the same (0.187 and 0.201 SCM/kg VS added), as may be expected from their similar biodegradabilities. Methane yield from anaerobic digestion of Minnesota-peat WCWW Sample 2 produced by 7.8 minutes of thermal treatment was higher than that from digestion of Sample 1 probably because of its higher biodegradability; the latter sample was less digestible since it was the product of 20 minutes of thermal treatment, and contained recalcitrant and potentially toxic by-products generated during the longer reaction time. In addition, Sample 1 was obtained from a peat slurry prepared with recycled raw wastewaters, the contaminants of which could have had an inhibitory effect on the ecosystem of a single-stage digester. This digestion experiment showed that recycling of raw wet-carbonization wastewaters was not beneficial. As discussed above, wet carbonization for a longer duration had the effect of reducing biodegradability. Consequently, Minnesota-peat WCWW Sample 1 exhibited a slightly lower methane yield (0.187 SCM/kg Vs added), as well as lower methane contents of digester gas (54 mol%), and lower COD and BOD 5 removal efficiencies (52% and 84%) than those exhibited by sample 2 (0.201 SCM/kg VS added, 60mol%, 56% and 86%). The unmixed, upflow digesters exhibited remarkably good performance at an HRT of one day. Volatile acid profiles along the culture depth showed a VFA concentration of about 60 mg/l at one-half the reactor height indicating that single-stage digestion could be accomplished at an HRT of 0.5 day (12 hours).
In contrast to the Minnesota-peat WCWW, Maine-peat WCWW emanating from 40 minutes of thermal treatment-compared with 7-20 minutes' treatment for the Minnesota peat -had a substantially lower biodegradability (as shown by a 46% BOD u /COD compared with 60% for Minnesota peat). Digestion of the Maine-peat WCWW at an HRT of one day exhibited a very low methane yield -only about 20% of that from the Minnesotapeat WCWW -at a loading rate that was 30% lower than that employed for anaerobic digestion of the Minnesota-peat WCWW; the digester gas had a methane content of only 5 mol% indicating complete inhibition of methane fermentation at a VFA accumulation level of only 1200 mg/l. The pH of this digester dropped to an inhibitory level of 5.6 although the bicarbonate alkalinity (1600 mg/l, see Table 2 ) was about double that of the raw waste (see Table 1 ). Under this condition, C 3 -C 6 VFAs accumulated to relatively higher levels (compare VFA concentration reported in Columns 3 and 4 of Table 2 ) indicating inhibition of acetogenic bacteria. The COD and BOD 5 removals from single-stage anaerobic digestion of the Maine-peat WCWW were at unacceptably low levels of 11% and 46%.
Two-phase anaerobic digestion of wet-carbonization wastes
The foregoing discussion shows that anaerobic treatment of wet-carbonization wastes in a simple, single-stage upflow reactor with a 1-day HRT was successful in recovering organic carbon as methane with a simultaneous BOD 5 removal efficiency of about 85%. However, this investigation also revealed that a short-HRT, single-stage reactor could directly expose sensitive acetogens and methanogens to toxic substances thereby inhibiting sequential acetate and methane production. Thus, a simple, single-stage digester was not suitable for anaerobic stabilization of the Maine-peat WCWW. An alternative mode of treatment needed to be developed.
It was hypothesized that in a two-phase system, toxic components of the wet-carbonization product water may be biodegraded first to yield non-lethal concentrations in an acidphase fermenter, the effluent of which could then be charged to a separate fermenter to protect acetogens and methanogens from direct exposure to undegraded inhibitors in the raw waste. Additionally, by feeding VFAs -substrates for acetogenic and methanogenic bacteria -at higher concentrations to a separate fermenter, it would be possible to enrich healthier and denser cultures of these organisms in an appropriately designed methane fermenter used in this research. The separate methane fermenter was operated at an HRT of two days.
The two-phase system with an overall HRT of 3 days was successful in converting the Maine-peat WCWW and exhibiting a methane yield of 0.212 SCM/kg VS added; this yield was slightly higher than that obtained from fermentation of the apparently non-toxic Minnesota-peat WCWW. The COD removal (60%) from two-phase digestion of Mainepeat WCWW as well as the methane content (62 mol%) of fermenter gases were also slightly higher than those of single-stage anaerobic digestion (Table 2) . Profiles of VFAs developed along the depths of acid-phase culture showed that acid production was virtually completed at one-half the culture depth to suggest that an HRT of 12 hours could be adequate for acid-phase fermentation. Similarly, it was observed that conversion of VFAs was completed at one-half the culture depth of the methane digester indicating that an HRT of one day would be adequate for methane fermentation in a hybrid reactor used in this research.
Conclusions
Wastewaters from wet carbonization of peat at high temperatures and pressures could be anaerobically treated in a single-stage upflow digester at an HRT of one day to afford a methane yield of about 0.20 SCM/kg (3.2 SCF/lb) VS added with a simultaneous BOD 5 reduction efficiency of 84-86%. Wet-carbonization for a longer period (40 minutes) produced biologically recalcitrant compounds and toxicants that could not be successfully treated in a single-stage anaerobic digester at an HRT of one day. However, these wastes were satisfactorily treated by two-phase anaerobic digestion at a system detention time of three days (with a one-day HRT for separate acid fermentation) to afford a methane yield of 0.21 SCM/kg (3.4 SCF/lb) VS added and a BOD 5 reduction efficiency of 76%. Volatile acids profiles along culture depths indicated that single-stage and two-phase digestion could be accomplished at HRTs of 0.5 day and 1.5 days, respectively.
